1. Introduction {#sec1}
===============

In recent years, the heterogeneous semiconductor-based advanced oxidation process (AOP) has attracted great attention in the field of wastewater treatment. AOP is considered as a most promising method for effective elimination of contaminants (organic, inorganic, and biological) compared to other conventional purification methods. The highly reactive hydroxyl (OH^•^) radicals are produced in AOP, which react with the pollutant and liberate water and carbon dioxide. Among various AOPs, the photo-Fenton-like catalysis is the effective method for elimination of contaminants. In this process, the Fenton reaction is accelerated by photon sources. The highly reactive OH^•^ radicals are produced by the reaction between the oxidizing agents (H~2~O~2~, O~3~, KMnO~4~, etc.) and photon-induced semiconductor electrons. The photo-Fenton process does not consume the catalyst and does not produce any pollutant byproducts.^[@ref1],[@ref2]^

The visible-light-driven catalyst developed for the photo-Fenton reaction plays a vital role in the degradation process. An iron (Fe)-containing spinel binary metal oxide has gained importance in photocatalytic degradation of organic pollutants in the presence of a chemical oxidant. The Fe-based spinel metal ferrite systems with the general molecular structure MFe~2~O~4~ (M = Ni, Zn, Co, Ca, Mn, Mg, and Cu) have gained technological importance in photocatalysis due to their highly visible light utilization, low band gap, high-temperature stability, and extraordinary chemical stability. Moreover, the soft magnetic nature (except CoFe~2~O~4~) of the spinel ferrites helps to recover the catalyst after the photocatalytic reaction.^[@ref3],[@ref4]^ Among various metal ferrites, NiFe~2~O~4~ (NFO) has attracted researchers in the field of photocatalysis due to its narrow band gap of 2.19 eV, which helps to harvest the visible light. In addition to this, the Fe ion in the NiFe~2~O~4~ crystal system readily reacts with the chemical oxidant and produces reactive hydroxyl radicals. However, the practical usage of NiFe~2~O~4~ becomes the bottleneck, due to the high recombination rate of photoinduced charge carriers.^[@ref5]−[@ref9]^ To overcome this drawback, several strategies have been employed to improve the photocatalytic efficiency. In recent years, the formation of heterojunctions between NiFe~2~O~4~ and other semiconductors (ZnO, TiO~2~, Cu~2~O, etc.) has been widely studied in photocatalytic energy and environmental remediation applications.^[@ref10]−[@ref12]^

The polymeric metal-free graphitic-phase carbon nitride (g-C~3~N~4~, g-CN) is the most stable allotrope form at ambient conditions compared to other forms of carbon nitrides (α, β, cubic, and pseudo). The g-C~3~N~4~ is considered as the potential candidate in the photocatalysis field due to its cost-effective production, moderate band gap (2.7 eV), visible light utilization, and high chemical and thermal stability. Moreover, the coordinated nest surrounded by π--π bonds in carbon nitride provides active sites, and it can be easily peeled off into thin layers to provide more active sites for the photocatalytic process. However, the bare g-C~3~N~4~ is not suitable for practical implementation due to fast recombination of electron--hole pairs in it, sluggish exciton dissociation, low surface area, and insufficient light absorption ability.^[@ref13]−[@ref15]^ Hence, various strategies have been employed such as fabricating nanostructures, coupled with conducting materials, foreign atom doping, and creating vacancies to improve the photocatalytic efficiency of bare g-C~3~N~4~.^[@ref16],[@ref17][@ref16],[@ref17]^ In addition to this, molecular engineering strategies have also been developed for g-C~3~N~4~ to extend the optical absorption ability and accelerate the charge transfer.^[@ref18]^ Among various developed methods, the construction of heterojunctions and addition of photosensitizers can improve the photogenerated charge carrier separation and increase the quantum efficiency.^[@ref15]^ In recent years, the heterojunction between NiFe~2~O~4~ and g-C~3~N~4~ has been widely studied in photocatalytic energy and environmental remediation fields due to its suitable band structure for effective separation of charge carriers.^[@ref5]−[@ref9],[@ref19]^

Further improvement in separation of charge carriers has been achieved by incorporating the noble metals such as Au, Pt, Ag, and Pd. The research on Au-deposited NiFe~2~O~4~/g-C~3~N~4~ ternary composites exhibits their higher photocatalytic activity compared to the binary system due to suppression of electron--hole recombination.^[@ref9]^ However, the practical usage of noble metals has been limited due to their high cost. Therefore, the recent research studies focused on carbon dot (CD) as an electron mediator, to suppress the photoinduced charge carrier recombination.^[@ref20]^ The carbon quantum dot is widely used in the photocatalytic process due to its low cost, zero dimension, biocompatibility, chemical stability, charge transport property, and excellent light absorption ability.^[@ref21],[@ref22]^ Carbon dots act as electron acceptors and donors, which facilitate to harvest a wide range of visible light spectrum.^[@ref23],[@ref24]^

Based on this literature, herein, we have reported the CD-decorated NiFe~2~O~4~/g-C~3~N~4~ ternary magnetic nanocomposite system for visible-light photocatalytic organic pollutant degradation. To the best of our knowledge, there are no reports on the NiFe~2~O~4~/g-C~3~N~4~/CD ternary composite for photo-Fenton-like catalytic degradation. The simple wet chemical route has been employed to prepare the ternary nanocomposite. The prepared ternary nanocomposite has been used to degrade the organic pollutants under visible light irradiation in the presence of a chemical oxidant. The addition of CD into a type-II heterojunction produces an effective Z-scheme photocatalysis system. In this Z-scheme photocatalysis system, the produced charge carriers have been effectively separated and transferred from one semiconductor to another semiconductor through solid-state electron mediators.^[@ref2],[@ref25]^ This type of electron mediator made the Z-scheme photocatalytic system beneficial for enhancing charge separation and photocatalytic degradation processes. The optical, structural, morphological, and magnetic properties of the prepared ternary nanocomposites were well discussed. The ternary system exhibits the highest degradation efficiency compared to pure and binary composite systems. The enhanced photocatalytic behavior of the ternary magnetic nanocomposite revealed the synergistic effect and improved charge carrier separation. Besides, the simultaneous production of superoxide and OH^•^ radicals also plays a crucial role in the effective degradation process. The superoxide radical and hydroxyl radical production was confirmed by the nitroblue tetrazolium (NBT) method and terephthalic acid (TA)-assisted fluorescence method, respectively. The effective Z-scheme photo-Fenton catalytic reaction and the active radicals for the degradation process have been investigated with the help of the elemental trapping experiment. Moreover, the stability of the composite photocatalysts has been examined by the recycling process.

2. Results and Discussion {#sec2}
=========================

2.1. X-ray Diffraction (XRD) Analysis {#sec2.1}
-------------------------------------

The crystal phase and crystalline nature of the prepared nanoparticles were investigated by the powder X-ray diffraction technique. The obtained X-ray diffraction patterns of pure and composite photocatalysts are displayed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The pure g-CN has two diffraction peaks positioned at 12.92 and 27.74°, indicating the diffraction planes (100) and (002), respectively. The diffraction plane (100) described the in-plane separation of the repeated tri-*s*-triazine unit in carbon nitride with a *d*-spacing value of 0.684 nm. The peak positioned at 27.74° has an interplanar distance of about 0.321 nm ascribed the distance between conjugated aromatic systems.^[@ref2],[@ref4]^ Nickel ferrite shows the diffraction peaks positioned at 2θ values of 18.43, 30.26, 35.65, 37.28, 43.31, 54.09, 57.24, and 62.88° assigned to the (111), (220), (311), (223), (400), (422), (511), and (440) planes, respectively. The obtained NFO diffraction pattern was well consistent with the literature report and JCPDS card (89-4927).^[@ref5]^ The XRD pattern of the CD is depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. The CD showed a diffraction peak at 26.27°, which was assigned to the (002) plane, and it well-matched with the literature.^[@ref16]^ The binary and ternary nanocomposites showed all diffraction peaks related to g-CN and NFO. However, the CD peak was not observed in the ternary composite photocatalyst system due to the lower concentration.^[@ref23]^ From the XRD patterns of the composite systems, it was noted that the diffraction intensity of g-C~3~N~4~ and NFO reduced in comparison with pure nanoparticles. This result demonstrated that the g-CN affected the crystalline nature of the NFO nanoparticles and vice versa. In addition to this, the peak shift was also observed in the (002) plane toward the lower angle (27.69°) side in the binary nanocomposite. The peak shift toward the lower angle side showed the increasing lattice plane distance between the conjugated aromatic systems in carbon nitride. The increasing lattice distance showed that the NFO nanoparticles are placed in between the g-CN aromatic layers, and it produced a strong guest--host interaction between the metal oxide and carbon nitride matrixes. Besides, the addition of CD also improved the *d*-spacing value of g-CN with a lower angle side peak shift. The observed peak positions of the (002) plane were 27.60, 27.58, 27.47, and 27.58° corresponding to 2.5, 5, 7.5, and 10 wt % CD addition to the binary NFO/5g-CN composite system. It is noteworthy that the addition of CD increased the aromatic layer distance in the g-CN matrix up to 7.5 wt %. From the XRD results, it was noted that the addition of CD increased the aromatic layer distance of g-CN up to a certain limit due to the intercalation of CD between the g-CN layer systems. A further increase in CD addition (10 wt %) reduced the lattice distance of the (002) plane. This result indicates that a higher amount of CD produces lattice distortion in carbon nitride, and it is well consistent with the previous report.^[@ref26]^ On the other hand, the diffraction peaks of NFO in nanocomposites shifted to a higher angle side in comparison with pure nanoparticles, which suggests changes of lattice parameters in the NFO crystal system. Hence, an increase in the *d*-space value and peak position shift on the binary and ternary nanocomposites clearly suggested a strong chemical interaction between the nanoparticles. Furthermore, the XRD pattern of the ternary nanocomposite confirmed the addition of CD intercalated between the NFO and g-CN nanoparticles during the heterojunction formation.

![XRD patterns of pure and composite nanoparticles: (a) g-CN, (b) NFO, (c) CD, (d) NFO/5g-CN, (e) NFO/5g-CN/2.5CD, (f) NFO/5g-CN/5CD, (g) NFO/5g-CN/7.5CD, and (h) NFO/5g-CN/10CD.](ao0c02477_0001){#fig1}

2.2. Fourier Transform Infrared (FTIR) Analysis {#sec2.2}
-----------------------------------------------

The chemical interaction, chemical composition, and vibrational properties of the prepared photocatalysts were examined by FTIR spectroscopy, and the obtained spectra of the nanoparticles are portrayed in [Figures S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf) and [2](#fig2){ref-type="fig"}. The FTIR spectrum of pure g-CN showed the transmittance peak related to the *s*-triazine ring, which was positioned at 805 cm^--1^. The peak observed at the 1200--1300 cm^--1^ position was assigned to the heterocycle C--N--C stretching vibration. The repeated tri-*s*-triazine unit was depicted at 1400--1600 cm^--1^. The IR peak of pure NFO located at 548 cm^--1^ was related to the metal--oxygen stretching vibration in the spinel crystal system. The peaks that were related to pure g-CN and NFO were observed in the binary (NFO/5g-CN) composite, which confirmed the strong chemical interaction between the two nanoparticles.^[@ref4],[@ref5]^ The CD showed the FTIR peaks positioned at 1077, 1748, and 2910 cm^--1^ assigned to the stretching vibrations of C--O--C/O--H, C=O, and C--H groups, respectively.^[@ref22],[@ref27],[@ref28]^ The FTIR spectra of ternary nanocomposites showed similar peaks related to NFO/5g-CN, which were due to the following reasons: (1) overlapping of CD and g-CN peaks, (2) low concentration of CD, and (3) the addition of CD that did not alter the structure of CD.^[@ref19],[@ref20]^ From the FTIR spectrum, it was clearly observed that the CD, g-CN, and NFO nanoparticles are chemically attached, which well-matched with the obtained XRD results.

![FTIR spectra of pure and composite photocatalysts.](ao0c02477_0007){#fig2}

2.3. UV--Vis Differential Reflectance Spectroscopy (DRS) Analysis {#sec2.3}
-----------------------------------------------------------------

It is significant to study the optical absorption property of the prepared photocatalysts to know the effective utilization of the visible light for the photocatalytic degradation process. The UV--vis--diffused reflectance spectroscopy study has been performed for the nanoparticles to explore the band gap and optical absorption ability. The absorption spectra of pure and composite photocatalysts are illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The band gap of the nanoparticles was calculated according to the equation^[@ref29]^From the absorption spectrum, it is noted that the bare g-CN has a band gap of 2.66 eV with an absorption wavelength of 466 nm. The NFO nanoparticle exhibits an absorption wavelength of 712 nm with a band gap of 1.74 eV, which described the Ni~2~^+^--O--Fe~3~^+^-to-Ni^+^--O--Fe~4~^+^ transition.^[@ref8]^ The binary nanocomposite NFO/5g-CN shows an absorption wavelength of 582 nm, which is higher than that of the bare g-CN. Moreover, the absorption intensity has also been enhanced in comparison with those of pure g-CN and pure NFO. The UV--vis--DRS spectrum of the binary nanocomposite demonstrates that the electronic coupling between NFO and g-CN increases the surface electric charge due to the restraining of the contact barrier.^[@ref2],[@ref8]^

![UV--vis--DRS absorption spectra of pure and composite photocatalysts.](ao0c02477_0008){#fig3}

Besides, a blue shift was observed in the ternary nanocomposite with up to 7.5 wt % CD addition. This blue shift was related to the quantum confinement effect of g-C~3~N~4~ due to increasing interlayer spacing. The band gap of the nanoparticles was related to the grain size, particle shape, and lattice parameters of the crystal. The electronic states of the nanoparticles were completely discrete, which hindered the electronic transition and generated electronic population. The produced electronic population in the discrete state led to a blue shift in the nanoparticles. This result showed that the optical absorption blue shift in the ternary nanocomposite was mainly due to the quantum confinement effect.^[@ref19],[@ref30]^ The blue shift of the ternary nanocomposite revealed the slackening of the conjugated aromatic system of g-CN. The obtained UV--vis--DRS result for ternary photocatalysts well-matched with XRD patterns and the increasing *d*-space value of the g-CN plane (002). A further increase in the CD amount led to a red shift in the optical absorption compared to the ternary composite. The increase in the absorption wavelength was related to the *d*-space value reduction of the g-CN plane (002) in the ternary NFO/5g-CN/10CD composite. The observed red shift in the composite was evident for the interfacial contact between nanoparticles (g-CN, NFO, and CD).^[@ref21]^ The measured optical absorption wavelengths of the ternary nanocomposites were 573, 575, 579, and 596 nm for 2.5, 5, 7.5, and 10 wt % CD addition, respectively. Hence, from the UV-DRS results, it is noted that all ternary nanocomposite photocatalysts exhibit a strong optical absorption ability compared to pure g-CN, which is suitable for the visible-light-active photocatalysis process.

2.4. Photoluminescence (PL) and Photocurrent Analysis {#sec2.4}
-----------------------------------------------------

The light-harvesting property alone is not an important factor for enhancement of the photocatalytic degradation process. The charge carrier separation and transportation also play a major role in degradation efficiency. Therefore, it is necessary to perform PL and photocurrent analyses on prepared nanoparticles to ensure charge separation and transportation for an effective photocatalytic degradation process. The suppression of photoinduced charge carrier recombination in the photocatalysts was analyzed by room-temperature PL spectroscopy with an excitation wavelength of 395 nm. The PL emission spectra of bare g-CN and composite photocatalysts are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The bare g-CN exhibits a high-intensity PL emission peak positioned at 460 nm, which well-matches with the UV spectroscopy result. The intensity reduction of the emission spectrum reveals the heterojunction formation between the nanoparticles, reducing the electron--hole recombination. From the PL spectroscopy result, it was noted that the nanocomposite effectively inhibits the photoinduced electron--hole recombination. The addition of CD further decreases the emission peak intensity of the ternary composite (NFO/5g-CN/7.5CD) in comparison to the binary NFO/5g-CN nanocomposite. Therefore, one can conclude that the addition of CD into the binary composite system effectively separates the electron--hole pair, which is favorable for enhancing the photocatalysis process.^[@ref5],[@ref23]^

![PL spectra of g-CN, NFO/5g-CN, and NFO/5g-CN/7.5CD.](ao0c02477_0009){#fig4}

To identify the photoresponse and electron transportation behavior of the CD-added ternary composite photocatalyst for the effective degradation process, the photocurrent measurement was performed, and the obtained results are portrayed in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). The photocurrent was observed in all photocatalysts when the light was switched on and reached the steady state. When the light was switched off, the photocurrent response immediately diminished. The calculated photocurrent density of the ternary (NFO/5g-CN/7.5CD) photocatalyst was 0.31 μA, which is higher than any other photocatalyst. The observed current densities of bare g-CN, pure NFO, and the binary photocatalyst were 0.03, 0.006, and 0.21 μA, respectively. The photocurrent increment for the binary and ternary nanocomposites clearly demonstrated that the formation of heterojunction greatly inhibited the electron--hole recombination and improved the electronic conductivity. The highest photocurrent response of the ternary nanocomposite was due to the fact that the added CD acted as an electron acceptor and the charge separation center.^[@ref6],[@ref9],[@ref22]^ The obtained photocurrent result was well consistent with the UV--vis--DRS and PL results. Therefore, it can be concluded that the ternary composite photocatalyst system is favorable toward enhancing the photocatalytic degradation process in terms of visible-light absorption, charge separation, and electron transportation.

2.5. Morphological Analysis {#sec2.5}
---------------------------

The field emission scanning electron microscopy (FESEM) and transmittance electron microscopy (TEM) analyses were used as a tool to investigate the surface morphological nature of the prepared photocatalysts. The surface morphologies of the prepared g-CN, NFO, and binary/ternary composites were analyzed by FESEM, and the obtained micrographs are displayed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The FESEM micrograph of g-CN shows a wrinkled lamellar sheetlike structure. NFO shows shapeless highly agglomerated particle-like morphology and is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. The heterojunction formation between NFO and g-CN nanoparticles is depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. It is clearly shown that the NFO nanoparticles bind with the g-CN nanosheet. The ternary NFO/5g-CN/7.5CD nanocomposite photocatalyst micrograph is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. The ternary composite photocatalysts show a similar morphological nature to the binary composite. It is very difficult to distinguish the heterojunction formation between the CD and the NFO/g-CN composite from FESEM analysis due to the stacking nature of the g-CN nanosheet.^[@ref24]^ The elemental composition and surface elemental distribution of the NFO/g-CN/7.5CD ternary nanocomposite photocatalyst were analyzed by energy-dispersive spectrometry (EDS) analysis, and the results are portrayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The elemental distribution and EDS spectrum results revealed the presence of carbon (C), nitrogen (N), nickel (Ni), iron (Fe), and oxygen (O) on the surface of the ternary photocatalyst. Hence, one can conclude the existence of a heterojunction among NFO, g-CN, and CD nanoparticles.

![FESEM images of (a) g-CN, (b) NFO, (c) NFO/5g-CN, and (d) NFO/5g-CN/7.5CD.](ao0c02477_0010){#fig5}

![EDS elemental mapping of NFO/g-CN/7.5CD.](ao0c02477_0011){#fig6}

To confirm the heterojunction formation among CD, NFO, and g-CN, TEM analysis was performed, and the images of the obtained ternary composite (NFO/5g-CN/7.5CD) are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. From the TEM micrograph, it was demonstrated that the NFO and CD nanoparticles are dispersed on the g-CN nanosheet. The high-resolution TEM (HRTEM) image of NFO/5g-CN/7.5CD is portrayed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. It was observed from the HRTEM image that the *d*-spacing values of 0.249 and 0.33 nm were related to the (311) and (002) planes of NFO and CD, respectively. The heterojunction formation between three nanoparticles was observed from the high-resolution TEM micrograph. However, the lattice fringes of g-CN were not observed in the composite due to the ultrathin layer structure.^[@ref2]^ The thin-layered structure of the g-CN was observed due to the intercalation of NFO and CD nanoparticles in between the aromatic conjugated layers. However, the HRTEM image of bare g-CN ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf)) shows the highly densely packed layered structure with an interplanar spacing of 0.32 nm due to bulk nature, which is in well accordance with the XRD result. The selected-area electron diffraction (SAED) pattern of the ternary nanocomposite was attributed to the polycrystalline nature of the prepared nanoparticle. The elemental analysis of the ternary nanocomposite was carried out by energy-dispersive spectrometry (EDS), and the result is displayed in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). The TEM, HRTEM, and SAED patterns of the pure g-CN and NFO nanoparticles and binary NFO/5g-CN are illustrated in the [Supporting Information (SI)](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). The strong interaction between the three nanoparticles was facilitated to improve the separation of charge carriers and enhance the visible light utilization for the photocatalytic degradation process. The HRTEM and XRD results of the ternary nanocomposite clearly showed that the prepared NFO and CD were intercalated between the carbon nitride nanosheets. This intercalated formation helps to improve the charge transport behavior of the nanocomposite, and it is well-matched with the obtained PL and photocurrent experiment results.

![NFO/5g-CN/7.5CD (a) TEM, (b) HRTEM, and (c) SAED.](ao0c02477_0012){#fig7}

2.6. X-ray Photoelectron Spectroscopy (XPS) Analysis {#sec2.6}
----------------------------------------------------

The chemical composition of the photocatalyst surface and the oxidation state of the elements were explored by XPS analysis, and the obtained results are displayed in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The survey spectrum of the ternary nanocomposite (NFO/5g-CN/7.5CD) system consists of carbon, nitrogen, oxygen, nickel, and iron, which confirms the presence of all elements in the surface of the photocatalyst. The high-resolution spectrum of carbon 1s is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b. The deconvoluted peaks presented in C 1s positioned at a binding energy of 283.7 and 287.1 eV attributed to the sp^2^ hybridized carbon and N--C=N in g-CN matrix. In addition to this, the peak positioned at 285.02 eV related to the C--O/C--OH group, which indicates the metal--carbon bonding and the presence of CD in the composite system.^[@ref5],[@ref22],[@ref23]^ The deconvoluted peaks in the N 1s high-resolution spectrum present at the binding energies of 395.77, 398.79, and 399.92 eV are assigned to the nitrogen in the repeated tri-*s*-triazine ring (pyridinic N), pyrrolic nitrogen (C--N--H), and graphitic nitrogen.^[@ref4],[@ref26]^ The high-resolution Ni 2p XPS spectrum is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d. The two deconvoluted peaks at 854.6 and 872.29 eV are ascribed to Ni 2p~3/2~ and Ni 2p~1/2~ with an oxidation state of Ni^2+^. The satellite peak of the Ni 2p spectrum was observed at the binding energies of 860.98 and 877.76 eV.^[@ref5]^ The oxidation state of Fe^3+^ was confirmed by the presence of deconvolution spectrum at the binding energies of 710.17 and 713.05 eV present in Fe 2p~3/2~. In addition to this, the satellite peak associated with Fe 2p~3/2~ is observed at the binding energy of 718.16 eV. The satellite peak was positioned at 8 eV higher than the Fe 2p~3/2~ spectrum. The presence of Fe 2p~3/2~ and the associated satellite peak confirms the presence of Fe^3+^ in the octahedral site in the NFO crystal system. The iron 2p~1/2~ peak was observed at the binding energy of 724.28 eV.^[@ref4],[@ref5]^ The O 1s peak deconvoluted into four peaks, which were positioned at 529.13, 530.43, 531.24, and 532.34 eV. The Ni--O--Fe bonding of the NFO nanoparticles was associated with the binding energies of 529.13 and 530.43 eV. The peak at 531.24 eV was attributed to the surface-adsorbed OH molecule or C--O--C bonding.^[@ref4],[@ref23]^ The peak of the HO--C=O bond was observed at 532.34 eV. Hence, the XPS result revealed that the CD, g-CN, and NFO nanoparticles chemically interact with each other and result in the formation of a heterojunction.

![XPS analysis of NFO/5g-CN/7.5CD: (a) survey, (b) C 1s, (c) N 1s, (d) Ni 2p, (e) Fe 2p, and (f) O 1s.](ao0c02477_0013){#fig8}

2.7. Vibrating Sample Magnetometer (VSM) Analysis {#sec2.7}
-------------------------------------------------

The magnetic nature of the pure NFO and ternary NFO/5g-CN/7.5CD photocatalysts was examined by a vibrating sample magnetometer. The recorded room-temperature magnetic hysteresis loop of pure and composite photocatalysts is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. From the hysteresis loop analysis, it was confirmed that both the nanoparticles displayed the ferromagnetic nature at room temperature. The calculated magnetic saturation value of the ternary nanocomposite (10.16 emu/g) was lower than that of the pure NFO (37.14 emu/g). The reduced magnetization value of the composite was attributed to the addition of nonmagnetic g-C~3~N~4~ and CD. The observed coercivity values of NFO and NFO/5g-CN/7.5CD were 200 and 183 Oe, respectively. However, the ternary nanocomposite has been easily recovered by the external magnetic field. From the magnetic hysteresis loop analysis, one can conclude that the prepared photocatalysts were suitable for the recycling process.

![VSM magnetic hysteresis loop.](ao0c02477_0014){#fig9}

2.8. Photocatalytic Activity {#sec2.8}
----------------------------

The photocatalytic performance of the prepared pure and composite heterojunction photocatalysts was examined by degradation of rhodamine B (Rh B) and tetracycline (TCN) organic pollutants in the presence of a chemical oxidant at ambient conditions. Before light-emitting diode (LED) irradiation, the pollutant solution was stirred under dark conditions along with photocatalysts for 30 min to attain the adsorption--desorption equilibrium, and the adsorption efficiency is displayed in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). The adsorption experiment revealed that degradation happened mainly due to the presence of LED light irradiation. The photolysis process ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}) of the organic pollutants in the presence of H~2~O~2~ and LED irradiation showed the negligible amount of degradation, which demonstrated that the pollutants are more stable in environmental conditions. The adsorption and photolysis processes clearly described that the degradation of organic pollutants happened due to the presence of light and photocatalysts.

![Degradation plots of (a) Rh B and (c) TCN; first-order kinetic plots of (b) Rh B and (d) TCN (Rh B concentration, 20 mg/L; TCN concentration, 20 mg/L; catalyst dosage, 500 mg/L; H~2~O~2~, 1 mL; pH, 6.3).](ao0c02477_0002){#fig10}

From [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, it can be observed that the binary and ternary composite photocatalysts exhibit better degradation efficiency in comparison with bare g-CN and pure NFO nanoparticles under LED light irradiation. The Rh B dye concentration plot concerning irradiation time and the kinetics of degradation plot as illustrated in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a,b. From the Rh B degradation plot, it was confirmed that the composite catalysts show the maximum degradation efficiency. Among all composite photocatalysts, the ternary NFO/5g-CN/7.5CD composite showed the highest photo-Fenton-like degradation efficiency of about 99% over 90 min of light irradiation. The binary composite exhibited the maximum degradation efficiency of 85% after the irradiation of 120 min, which was higher than that of the pure g-CN (22%) and NFO (18%) nanoparticles. The enhanced degradation efficiency of the NFO/5g-CN photocatalyst attributed to the synergistic effect between the nanoparticles helps to harvest more amount of light radiation and promote charge carrier separation. It was noted that the addition of CD further enhanced the degradation efficiency, and the maximum efficiency was reached at 7.5 wt % CD addition. However, the low visible-light absorption of NFO/5g-CN/7.5CD shows the superior degradation efficiency due to the effective photoinduced electron--hole separation and electron transport behavior. The recorded Rh B dye degradation values after 120 min of LED light irradiation in the presence of H~2~O~2~ were 90, 95, and 97% attributed to 2.5, 5, and 10 wt % CD addition to the NFO/5g-CN composite. The decreases in the degradation efficiency observed at 10 wt % CD addition described that the higher amount of CD may act as the electron--hole recombination center.^[@ref31]^ The first-order pseudokinetic plot is displayed in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}d, and the rate constant, "*k*", value was calculated using the relation^[@ref2]^where *C* is the initial concentration of the dye solution and *C*~0~ refers to the dye concentration at time "*t*". The term *k* denotes the rate constant of dye degradation. It is concluded that the rate constant of binary and ternary composites has a higher value when compared to that of pure nanoparticles. The calculated highest rate constant of about 0.04 min^--1^ was assigned to the ternary nanocomposite NFO/5g-CN/7.5CD photocatalyst. This value is 21, 26, and 2.6 times higher than those of the bare g-CN, pure NFO, and binary NFO/5g-CN photocatalysts. The calculated rate constants for Rh B dye degradation by 2.5, 5, and 10 wt % CD-added ternary photocatalysts were 0.0197, 0.0244, and 0.0293 min^--1^, respectively.

The extended photocatalytic activity of the prepared nanoparticles was examined by colorless tetracycline organic pollutant degradation, and the obtained results are displayed in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c,d. From the degradation plot, it was confirmed that the ternary composite system exhibited a higher degradation efficiency compared to the pure and binary photocatalysts. The maximum degradation efficiency of 93% was observed for the 7.5 wt % CD-added ternary photocatalyst after the 120 min of visible light irradiation in the presence of H~2~O~2~. The photolysis process showed the very low degradation efficiency of about 4% in the presence of a chemical oxidant, proving the stability of the TCN molecule under light irradiation. The TCN degradation efficiencies of 20 and 16% were observed for pure g-CN and NFO nanoparticles. The binary NFO/5g-CN photocatalyst showed a degradation efficiency of 79% after visible light irradiation. The TCN degradation efficiencies of 2.5, 5, and 10 wt % CD-added photocatalyst were 82, 85, and 88% respectively. The calculated rate constant for the NFO/5g-CN/7.5CD photocatalyst was 0.0236 min^--1^, which was 2, 1.8, 1.5, and 1.3 times higher than those of the binary NFO/5g-CN and ternary NFO/5g-CN/2.5CD, NFO/5g-CN/5CD, and NFO/5g-CN/10CD nanocomposites correspondingly. The enhanced degradation efficiency of the nanocomposite suggested that the synergistic effect among the NFO, g-CN, and CD nanoparticles greatly reduced the charge carrier recombination and improved charge transportation behavior.

To confirm the mineralization ability of the ternary NFO/5g-CN/7.5CD nanocomposite, the total organic carbon (TOC) analysis was performed on Rh B and TCN photo-Fenton degradation processes. During the degradation of organic pollutants, intermediate products could be formed, which could be more toxic than the original organic pollutants. Therefore, it is necessary to perform the TOC analysis for the degradation process.^[@ref32]^ The TOC removal efficiency of the ternary nanocomposite is shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). The TOC mineralization efficiencies for Rh B and TCN degradation under LED light irradiation were 71 and 63% in the presence of H~2~O~2~, respectively. Hence, this TOC analysis result implies that the prepared ternary NFO/5g-CN/7.5CD nanocomposite is a highly efficient photocatalyst for organic pollutant mineralization.

The solution pH also influences the degradation efficiency of the heterogeneous photo-Fenton reaction. The degradation plot of the organic pollutant under different pH conditions using the ternary NFO/5g-CN/7.5CD nanocomposite is shown in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). The degradation efficiency of the photocatalyst decreased on increasing the pH of the pollutant solution. The initial pH of the organic pollutant solution was adjusted by the diluted HCL acid solution and diluted NaOH solution. The pH of the solution was varied from ∼3 to ∼12, and the degradation efficiency was recorded. Under acidic conditions, the photocatalyst exhibited a higher degradation efficiency compared to that under basic conditions. Under lower pH conditions, the H~3~O~2~^+^ produced, and it enhanced the stability of H~2~O~2~. This formation helped to extremely scavenge the OH^•^ radicals by H^+^. Under high pH conditions, the formation of the OH^•^ radical reduced due to hydrolysis of Fe^2+^.^[@ref32][@ref32]^The degradation of TCN and Rh B occurred at a wide range of pH values, which indicates that the prepared ternary nanocomposite NFO/5g-CN/7.5CD photocatalyst is a promising candidate for organic pollutant degradation for practical use.

To confirm the active species for the dye degradation process and conversion of heterojunction from type-II to Z-scheme, the elemental trapping experiment was conducted for binary and ternary composite photocatalysts on Rh B dye degradation, and the results are shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. The different radical scavengers such as benzoquinone (BQ), ethylenediaminetetraacetic acid (EDTA), and isopropyl alcohol (IPA) were used to detect the production of superoxide radicals, holes, and hydroxyl radicals produced during the photocatalysis process. It was concluded from the elemental trapping experiment for ternary NFO/5g-CN/7.5CD photocatalysts that the hydroxyl and superoxide radicals are the main active species for the dye degradation process. The recorded degradation efficiency of about 95% was achieved with the addition of EDTA, which demonstrated that holes did not involve in the degradation process. The addition of BQ and IPA reduced the Rh B dye degradation efficiency to 52 and 40%, respectively. The elemental trapping experiment indicates that the hydroxyl radicals and superoxide radicals both contribute to the dye degradation process. However, this is controversial with the binary photocatalyst elemental trapping experiment result, which indicates that OH^•^ radicals are the main active species for the dye degradation process. The superoxide radical does not contribute to the degradation process in binary NFO/5g-CN photocatalysts. The recorded binary photocatalyst degradation efficiencies after 180 min of LED irradiation were 92, 99, and 37% corresponding to the addition of BQ, EDTA, and IPA scavengers. It was noted for the binary system that the addition of EDTA slightly improved the dye degradation efficiency when compared to that without the scavenger. During the photocatalysis process, electron--hole pairs generated at the photocatalysts. The addition of EDTA trapped the holes produced in the photocatalyst, which led to high electron migration at the conduction band (CB) of the photocatalysts. The electrons at the conduction band of photocatalysts produced a higher amount of superoxide radicals, which led to higher catalytic degradation.^[@ref5]^ However, the superoxide radical scavenger did not alter the photocatalytic degradation efficiency while using the NFO/5g-CN binary photocatalyst. However, the addition of BQ reduced the dye degradation efficiency up to 52% while using the NFO/5g-CN/CD ternary photocatalyst. The elemental trapping experiment clearly described that the ternary composite exhibited the Z-scheme photocatalysts, but the binary system showed the type-II heterojunction.

![Elemental trapping experiment on Rh B dye degradation: (a) NFO/5g-CN/7.5CD and (b) NFO/5g-CN (Rh B concentration, 20 mg/L; catalyst dosage, 500 mg/L; H~2~O~2~, 1 mL; pH, 6.3; BQ, 0.1 mmol; EDTA, 0.1 mmol; IPA, 3 mL; pH, 6.3).](ao0c02477_0003){#fig11}

To confirm the production of O~2~^--^ and OH^•^ radicals, the NBT and TA tests were conducted on pure g-CN and NFO, binary NFO/5g-CN, and ternary NFO/g-CN/7.5CD photocatalysts, and the results are displayed in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a,b. The reaction between TA and OH^•^ radicals produced fluorescent 2-hydroxy terephthalic acid (HTA). The production of HTA was observed by the PL emission peak at 425 nm. From [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a, it was observed that the peak intensity gets increased on increasing the irradiation time. As evident from [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, the highest peak intensity was observed for the NFO/5g-CN/7.5CD photocatalyst compared to other pure and binary photocatalysts, which described the higher amount of OH^•^ radical production. The higher production of hydroxyl radicals confirms the suppression of photoinduced electron--hole pair recombination.^[@ref33]^ The TA-assisted PL analysis result was well consistent with that of the elemental trapping experiment, in which OH^•^ radicals were the main active species for the dye degradation process on both binary and ternary composite photocatalysts.

![(a) Terephthalic acid (TA) test and (b) nitroblue tetrazolium (NBT) test.](ao0c02477_0004){#fig12}

The production of superoxide radicals was confirmed by the nitroblue tetrazolium method. During the photocatalysis process, the NBT absorbance intensity gets reduced at 260 nm. The NBT concentration vs time plot is illustrated in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). The degradation of NBT was used to detect the production of O~2~^--^ radicals. According to the relation between nitroblue tetrazolium and superoxide radicals (in 1:4 molar ratio), the production of O~2~^--^ was evaluated and is shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b.^[@ref34]^ The ternary NFO/5g-CN/7.5CD photocatalyst produces 28 μM superoxide radicals after 120 min of LED light irradiation. The pure carbon nitride produces 12 μM superoxide radicals. Surprisingly, the pure NFO and NFO/5g-CN binary photocatalysts do not produce the superoxide radicals after 120 min of light irradiation. The obtained result well-matched with those of the elemental trapping experiment on binary NFO/5g-CN and ternary NFO/5g-CN/7.5CD photocatalysts.

Furthermore, the possible reaction mechanism for the photocatalytic dye degradation process was proposed based on the elemental trapping experiment, and the mechanism is illustrated in [Figures [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"} and [S11](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf). It is important to know the band potential of NFO and g-CN nanoparticles to propose the reaction mechanism. The conduction and valance band (VB) potentials of the NFO and g-CN nanoparticles were taken from the previous report.^[@ref5]^ The conduction band and valance band potential energies (vs normal hydrogen electrode (NHE)) of g-C~3~N~4~ were −1.13 and 1.55 V, respectively. However, valance and conduction band energies of pure NiFe~2~O~4~ were 0.24 and 1.92 V, respectively. When light was irradiated on the surface of the photocatalysts, the electrons were excited from the valance band and transferred to the conduction band (CB), leaving the holes at valance band (VB) on both catalysts. The electrons at the CB of g-CN transferred to CB of NFO, and holes at VB of NFO were transferred to VB of g-CN in binary photocatalysts. The CB electrons at the NFO nanoparticle have a low reduction potential (0.24 V) compared to the standard reduction potential (−0.33 V vs NHE). On the other hand, the g-CN VB has a low oxidation potential (1.55 V) in comparison with the standard oxidation potential. In the photo-Fenton reaction, the electrons at CB of NFO react with H~2~O~2~ and produce the active OH^•^ radicals, which further degrade the organic pollutant due to the type-II heterojunction. This possible reaction mechanism for the NFO/5g-CN photocatalyst well-matched with the elemental trapping and TA experiments. Moreover, the NBT experiment demonstrated that the superoxide radicals did not produce in the binary photocatalyst due to the low reduction potential of NFO.

![Possible reaction mechanism of NFO/5g-CN/7.5CDF.](ao0c02477_0005){#fig13}

When the CD was added to the system, it was intercalated between NFO and g-CN nanoparticles and acted as an electron acceptor/donor. This intercalated carbon dot led to a Z-scheme heterojunction for effective dye degradation. In the ternary nanocomposite system, the superoxide radicals also played a vital role to degrade the organic pollutant. In the conventional type-II heterojunction, the electrons migrated to the CB of NFO. The CB potential of NFO nanoparticles had insufficient energy to participate in the oxygen reduction reaction to generate the O~2~^--^ radicals. The type-II heterojunction mechanism could not explain the obtained elemental trapping experiment results. Therefore, we have proposed the Z-scheme mechanism for the charge carrier transfer path.^[@ref35]^

In the ternary photocatalyst system, the excited CB electrons at NFO were transferred to the surface of the CD. Then, the electron was transferred to VB of the g-CN photocatalyst and the migrated electrons at the VB of g-CN got excited by the photon source. The CB electrons at g-CN reduced the atmospheric oxygen to superoxide radicals due to its more negative energy than the standard reduction potential. Then, the oxidizing agent reacted with the O~2~^--^ radicals and produced a high amount of OH^•^ radicals by the Haber--Weiss reaction. This reaction resulted in a higher amount of OH^•^ radical production, which was confirmed by the TA and NBT experiments. Moreover, the elemental trapping experiment also demonstrated that the superoxide and hydroxyl radicals are the main active species for the dye degradation process. On the other hand, the photo-Fenton reaction takes place at CB of NFO nanoparticles. The potential of CB of NFO is more negative than the standard potential of Fe^3+^/Fe^2+^ (0.77 V vs NHE). Therefore, the Fe^3+^ ions at the NFO nanoparticles reduced to Fe^2+^ ions under LED irradiation.^[@ref32]^ Consequently, the generated Fe^2+^ ions produced OH^•^ radicals by reacting with H~2~O~2~. Then, they were oxidized by H~2~O~2~ and converted into Fe^3+^ again to complete the Fe^3+^/Fe^2+^ cycle. Further, the generated OH^•^ radicals attacked the organic pollutant adsorbed on the surface of the photocatalyst, giving rise to reaction intermediates. Moreover, the reaction intermediates were degraded to CO~2~ and H~2~O.^[@ref36]^ The holes at the valance band of the NFO nanoparticle have low energy than the standard oxidation potential (1.98 V vs NHE). Therefore, the VB holes at NFO nanoparticles cannot contribute to the organic pollutant degradation process.^[@ref35]^ In this way, the photoinduced electron--hole pairs separated in the opposite direction and led to higher degradation efficiency by the Z-scheme mechanism. The possible photo-Fenton and Haber--Weiss reactions are as follows^[@ref2],[@ref4],[@ref37]^

2.9. Recycle Test {#sec2.9}
-----------------

For practical implementation, it is necessary to perform the recycle test to ensure the stability of the prepared photocatalysts. The stability of the NFO/5g-CN/7.5CD ternary photocatalyst was examined by five successive cycles for Rh B dye degradation under LED light irradiation in the presence of H~2~O~2~. The recycle stability of the photocatalysts is displayed in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}. The recycle test proves that the prepared ternary photocatalyst has high stability with a degradation efficiency of 90% even at the fifth cycle. Hence, it was concluded that the prepared NFO/5g-CN/7.5CD ternary photocatalysts are suitable for practical use.

![Recycle test for NFO/5g-CN/7.5CD.](ao0c02477_0006){#fig14}

3. Conclusions {#sec3}
==============

In this report, the CD-intercalated NiFe~2~O~4~/g-C~3~N~4~ ternary heterojunction has been synthesized by the facile sol--gel method followed by calcination and wet chemical impregnation method. The strong interaction between the nanoparticles and the heterojunction formation are investigated through TEM and HRTEM analyses. The heterojunction formation helps to harvest high-intensity visible light for the photo-Fenton degradation process. The CD effectively separates the photoinduced electron--hole pairs. The highest degradation efficiency of the NFO/5g-CN/7.5CD ternary photocatalyst well-matches with the OH^•^ radical and O~2~^--^ radical production experiments. The electron transport pathway for the Z-scheme photo-Fenton process and the active radicals for dye degradation are analyzed by the elemental trapping experiment. Moreover, the recycle test confirms the stability of the photocatalyst. Hence, the magnetic NFO/5g-CN/7.5CD ternary heterojunction photocatalyst is a promising photocatalyst for visible-light-driven wastewater treatment.

4. Experimental Methods {#sec4}
=======================

4.1. Synthesis of NiFe~2~O~4~/g-C~3~N~4~/CD {#sec4.1}
-------------------------------------------

The simple wet chemical impregnation method has been used to prepare the ternary nanocomposite photocatalysts. In this process, 100 mg of NFO/5g-CN and various amounts (2.5, 5, 7.5, and 10 wt %) of CD were dispersed in 5 mL of ethanol. The solution was subjected to ultrasonication for 45 min. Then, the obtained powder was dried at 80 °C for 2 h. The prepared nanocomposites were named as NFO/5g-CN/*X*CD (*X* = 2.5, 5, 7.5, and 10 wt %).

The detailed description of synthesis methods for pure nanoparticles, characterization techniques, and their photocatalytic activity test procedure has been given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02477](https://pubs.acs.org/doi/10.1021/acsomega.0c02477?goto=supporting-info).Experimental methods; FTIR spectra; photocurrent measurement; TEM, HRTEM, and SAED images for pure and composite materials; EDS spectrum; TOC analysis; adsorption efficiency; NBT test; and reaction mechanism ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02477/suppl_file/ao0c02477_si_001.pdf))
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